We have investigated the effects of shear flow on a polymeric bicontinuous microemulsion using neutron scattering, light scattering, optical microscopy, and rheology. The microemulsion consists of a ternary blend of poly͑ethyl ethylene͒ ͑PEE͒, poly͑dimethyl siloxane͒ ͑PDMS͒, and a PEE-PDMS diblock copolymer. At equilibrium, the microemulsion contains two percolating microphases, one PEE rich and the other PDMS rich, separated by a copolymer-laden interface; the characteristic length scale of this structure is 80 nm. Low strain amplitude oscillatory shear measurements reveal behavior similar to that of block copolymer lamellar phases just above the order-disorder transition. Steady shear experiments expose four distinct regimes of response as a function of the shear rate. At low shear rates ͑regime I͒ Newtonian behavior is observed, whereas at intermediate shear rates ͑regime II͒ development of anisotropy in the morphology leads to shear thinning. When the shear rate is further increased, there is an abrupt breakdown of the bicontinuous structure, resulting in flow-induced phase separation ͑regime III͒. Rheological measurements indicate that the shear stress is almost independent of the shear rate in this regime. Light scattering reveals a streak-like pattern, and correspondingly a string-like morphology with micron dimensions is observed with video microscopy. Upon a further increase of the shear rate ͑regime IV͒, the sample resembles an immiscible binary polymer blend with the block copolymer playing no significant role; the stress increases strongly with the shear rate. In some respects these results resemble those from other weakly structured complex fluids ͑sponge phases, liquid crystals, worm-like micelles, a͒ Current address:
I. INTRODUCTION
Complex fluids including polymer solutions and blends, surfactants, liquid crystals, block copolymers, and colloids often exhibit fascinating rheological properties, and can undergo a variety of morphological transformations under flow. The complex internal microstructure of these fluids leads to behavior that is vastly different from that of conventional Newtonian or non-Newtonian fluids. In many cases shear flow is found to disrupt the equilibrium morphology and to induce apparent shifts in phase boundaries.
Bicontinuous microemulsions, formed by mixing appropriate amounts of oil, water, and a surfactant ͓Scriven ͑1976͔͒ form an intriguing class of complex fluids. They possess a characteristic nanostructure consisting of undulating surfaces with vanishingly small interfacial curvature. Other properties of these fluids include a very large amount of interfacial area and negligible surface tension due to the presence of the amphiphile. With their complicated and delicately balanced internal structure, one can expect bicontinuous microemulsions to exhibit rich rheological properties. However, there have been relatively few reports of the rheological behavior of oil-water-surfactant ͑o/w/s͒ bicontinuous microemulsions ͓Chen and Warr ͑1992͒; Anklam et al. ͑1995͒; Warr ͑1995͔͒; such studies have been hindered by rapid microstructural dynamics, which necessitate the use of extremely high shear rates.
Recently we have demonstrated the utility of ternary polymer blends as model surfactant systems ͓Washburn et al. ͑2000͔͒. In particular, bicontinuous microemulsions can be generated in polymers by mixing appropriate amounts of two homopolymers and the corresponding diblock copolymer ͓Bates et al. ͑1997͒; Fredrickson and Bates ͑1997͒; Hillmyer et al. ͑1999͒; Matsen ͑1999͒; Kielhorn and Muthukumar ͑1997͔͒. One expects the dynamics of polymeric bicontinuous microemulsions to be much slower than those of o/w/s bicontinuous microemulsions due to higher molecular weights and larger viscosities. Here we present a systematic experimental investigation of the dynamic response of a model polymeric bicontinuous microemulsion.
Flow-induced effects on soft materials have been described in numerous publications. Sponge phases consist of a three-dimensional network of a bilayer of surfactant molecules that separates the solvent into two subvolumes, and closely resemble bicontinuous microemulsions. Mahjoub et al. ͑1998͒ and Yamamoto and Tanaka ͑1996͒ have reported the shear-induced transition of the sponge phase to a lamellar state. Berret et al. ͑1994, 1998͒ have observed a shear-induced isotropic to nematic transition in worm-like micellar solutions. Warr ͑1995͒ and Anklam et al. ͑1995͒ described shear thinning in ternary o/w/s bicontinuous microemulsions at very high shear rates (10 3 -10 4 s Ϫ1 ). A shearinduced increase in the isotropic to lamellar transition temperature was predicted by Cates and Milner ͑1989͒, and documented in diblock copolymers by Koppi et al. ͑1993͒ . In contrast, lamellae-forming triblock and pentablock copolymers exhibit shear-induced disordering ͓Tepe et al. ͑1997͒; Vigild et al. ͑2001͔͒ . Shear alignment of block copolymer lamellae can result in parallel or perpendicular orientations, depending on the shear frequency and the temperature ͓Koppi et al. ͑1992͒; Fredrickson ͑1994͒; Gupta et al. ͑1995͔͒. Nakatani et al. ͑1997͒ investigated block copolymer-modified homopolymer blends and found that shear flow has a destabilizing effect on the disordered phase above a threshold block-copolymer concentration. Pätzold and Dawson ͑1996͒ made predictions of the rheological properties of a bicontinuous microemulsion using a Landau-Ginzburg model.
Flow effects on polymer solutions and blends also have attracted significant interest. Semidilute polymer solutions near the coexistence curve are found to exhibit enhanced concentration fluctuations or phase separation under shear flow ͓Menasveta and Hoagland ͑1991͒; Moses et al. ͑1994͒; Migler et al. ͑1996͒; Kume et al. ͑1997͔͒ . A common feature of these studies is the appearance of so-called ''butterfly'' light scattering patterns. Flow in polymer blends often causes apparent shifts in phase boundaries ͓Hashimoto et al. ͑1988͒; Nakatani et al. ͑1990͔͒, leading to either flow-induced mixing ͓Nakatani et al. ͑1990͒; Kim et al. ͑1997͒; Hindawi et al. ͑1992͔͒ or demixing ͓Fernandez et al. ͑1995͒; Gerard et al. ͑1999͒; Chopra et al. ͑1998͔͒ . Recently Martys and Douglas ͑2001͒ reported calculations for flow-induced phase separation in lattice-Boltzmann fluid mixtures. In most of these cases, phase-separated blends are found to exhibit a string-like morphology aligned along the flow direction.
The equilibrium phase behavior of a ternary polymeric system A/B/A-B can be represented in the form of a phase prism as shown in Fig. 1 . Simpler phase diagrams can be obtained by cutting the prism with horizontal or vertical planes. The former gives an isothermal ternary phase diagram, while the latter yields a phase diagram at a constant ratio of the homopolymer concentrations. A schematic of the isothermal phase diagram is shown in Fig. 1͑a͒ for the case of a symmetric copolymer and equal homopolymer molecular weights. Ordered morphologies including lamellae, hexagonally packed cylinders, and cubic ͑gyroid and spherical͒ phases are prevalent at high block copolymer concentrations ͓Washburn et al. ͑2000͔͒, while macroscopic phase separation into two or three phases occurs at low diblock concentrations. The gray triangle in Fig. 1͑a͒ represents the three-phase window, with coexistence between two homopolymer-rich phases and a middle bicontinuous microemulsion phase. This three-phase triangle is surrounded by two-phase regions, and the bicontinuous microemulsion (bE) phase is present over a small composition range at the tip of this triangle.
The phase diagram along a vertical plane of the prism is an isopleth, and the example shown in Fig. 1͑b͒ corresponds to nearly equal volume fractions of the homopolymers. The total homopolymer volume fraction is plotted along the abscissa and the temperature along the ordinate. At high temperatures, only a disordered phase exists, whereas at low temperatures, there are three regimes. At low homopolymer concentrations ͑i.e., high block copolymer concentrations͒, this symmetric mixture produces a lamellar phase. With only small amounts of the amphiphile ( Ͻ 10 vol %), two-phase and three-phase regions occur as anticipated by Fig. 1͑a͒ . In between the lamellar and phase-separated regions, there is a narrow channel of bicontinuous microemulsion. Typically this corresponds to a block copolymer concentration of 8 -12 vol % ͓Hillmyer et al. ͑1999͔͒. We have characterized this bicontinuous microemulsion phase for various polymeric systems in previous studies ͓Bates et al. ͑1997͒; Hillmyer et al. ͑1999͒; Morkved et al. ͑1999͔͒ , and recently we noted the intriguing rheological behavior of a polymeric bicontinuous microemulsion under shear ͓Krishnan et al. ͑2001͔͒. In this article we explore details of the rheological and structural properties under steady shear flow at different shear rates and temperatures that extend deep into the microemulsion channel.
II. EXPERIMENTS

A. Materials
The work described here was performed with a single ternary blend of poly͑ethyl ethylene͒ ͑PEE͒, poly͑dimethyl siloxane͒ ͑PDMS͒, and a PEE-PDMS diblock copolymer. These polymers were synthesized by standard anionic polymerization and catalytic saturation techniques that are described elsewhere ͓Hillmyer et al. ͑1999͔͒. PEE was prepared by saturating 1,2-polybutadiene with deuterium, in both the homopolymer and the diblock copolymer samples. Number average molecular weights, determined by nuclear magnetic resonance ͑NMR͒ spectroscopy, were 1770, 2130, and 10,400 for PEE, PDMS, and PEE-PDMS, respectively. The densities were measured using a density gradient column and the volume fraction of PEE in the block copolymer was determined to be 52%. This block copolymer molecular weight places the order-disorder transition temperature ͑90°C͒ close to the critical temperature of the corresponding binary homopolymer blend ͑150°C͒; an additional benefit afforded by these relatively low molecular weights is rapid phase transition dynamics, which facilitate equilibration. A single symmetric composition containing 10% by volume block copolymer and 45% PEE and PDMS homopolymers was used throughout this study. This mixture lies in the bicontinuous microemulsion channel which was identified in earlier publications ͓Hillmyer et al. ͑1999͒; Morkved et al. ͑1999͔͒ . Specimens were prepared by simple mixing at 80°C ͑in the disordered state͒ followed by cooling to room temperature.
B. Experimental techniques
Small angle neutron scattering ͑SANS͒ experiments were conducted at the National Institute of Standards and Technology ͑NIST͒, Gaithersburg, Maryland, on the 30 m NSF/CHRNS SANS instrument using ϭ 12 Å wavelength neutrons (⌬/ ϭ 0.11). A quartz couette shear cell was used, with the neutron beam directed radially through two sections of the device ͑Fig. 2͒. Additional SANS experiments were conducted with the FIG. 1. Schematic phase diagram of ternary polymer blends A/B/A-B: ͑a͒ isothermal phase diagram; the hatched areas indicate two-phase regimes; the gray triangle represents the three windows at the tip of which the bicontinuous microemulsion region is located; ͑b͒ phase diagram along an isopleth ͑with equal amounts of homopolymers͒; the total homopolymer volume fraction is plotted along the abscissa.
neutron beam impinging tangentially. The Couette cell gap was 0.5 mm, leading to a total scattering thickness of 1 mm. Steady state patterns were collected at various temperatures and shear rates. The data were corrected for background and cell scattering, sample thickness, transmission, and detector sensitivity.
Small angle light scattering ͑SALS͒ experiments were carried out using a custom-built flow-light scattering apparatus, illustrated in Fig. 3 . This instrument contains a shear stage ͑Linkam Scientific Instruments͒ that employs a rotating parallel plate geometry with transparent disks. The temperature can be controlled to a precision of Ϯ0.2°C using a silver heating block along with circulating cooling water in the body of the stage. A He-Ne laser ( ϭ 632.8 nm) supplies the light beam, which is conditioned by a set of neutral density filters, an iris, and a pair of alignment mirrors before passing through the sample. Two-dimensional scattering patterns are projected onto a translucent frosted glass screen, imaged by a charge coupled device ͑CCD͒ camera connected to a VCR, and recorded using high quality S-VHS videotapes. Subsequently these images were digitized from the videotapes using a computer equipped with frame-grabbing capabilities. Realspace microscopic images were obtained using the same shear stage mounted on an optical microscope ͑Olympus͒, with a long working-distance objective.
Rheological measurements were carried out with a strain-controlled Rheometric Scientific ARES rheometer. A cone and plate geometry with a 50 mm plate diameter and 0.02 rad cone angle was used. The sample was maintained under nitrogen atmosphere and the temperature was controlled to within Ϯ0.1°C. Dynamic frequency sweep experiments were performed in the linear regime with frequencies from 0.01 to 100 rad/s. Steady shear rate sweep experiments were executed over the range from 0.01 to 250 s
Ϫ1
. Transient shear flow startup experiments were conducted prior to the rate sweep in order to determine the time required to reach steady state at several representative shear rates. The sample was viewed at high magnification using a video camera to verify the absence of edge fracture at high rates. Rate sweeps were carried out with both increasing and decreasing rates, and no hysteresis effects were evident in the viscometric properties. These experiments were repeated at various temperatures over the range of 0-35°C, while maintaining a constant cone-to-plate gap by taking into account thermal expansion of the tools.
III. RESULTS AND ANALYSIS
A. Rheology
Dynamic frequency sweep experiments were performed on the bicontinuous microemulsion sample at various temperatures. Stress relaxation experiments established a linear viscoelastic response for strains less than 50%. Therefore, frequency sweep data were collected using 10% strain at lower temperatures and 20% strain at higher temperatures, well within the linear regime. Raw linear viscoelastic data obtained at various temperatures are presented in Fig. 4 as the magnitude ͉*͉ and phase angle ␦ of the dynamic viscosity versus frequency . The complex viscosity exhibits a plateau at low frequencies followed by relaxation at high frequencies ͓Fig. 4͑a͔͒, behavior typical of a polymeric liquid. Closer inspection reveals, however, that the extent of the relaxation is more pronounced at low temperatures. As a result, these data cannot be reduced to a unique master curve by time-temperature superposition, a point reinforced by the phase angle plot ͓Fig. 4͑b͔͒. Terminal, liquid-like behavior is evident at the lowest frequencies and highest temperatures ͑␦ approaches 90°͒. A decreasing phase angle indicates an increasing elastic character in the viscoelastic response up to intermediate frequencies, after which the trend reverses towards a more viscous response at high frequencies. Shifts in the curves towards lower frequency at low temperatures reflect a slowing down of the dynamics. In addition, the minimum value of phase angle decreases at lower temperature, indicating that the mixture becomes more elastic at lower subcoolings within the microemulsion channel. Viscoelastic materials that obey time-temperature superposition allow simple shifting of the phase angle along the frequency axis; clearly the microemulsion is not thermorheologically simple. Here we see that the data converge at high values of GЉ and GЈ ͑e.g., at high frequencies͒, whereas they fail to superimpose at low frequencies. We surmise that the low frequency response reflects the viscoelasticity associated with the microemulsion structure, which is temperature dependent. A decrease in temperature increases the degree of segregation between the constituents, leading to a larger viscoelastic contribution by the supermolecular structure. Conversely, the high frequency response presumably is dominated by more local-scale dynamics, which should be less affected by changes in the thermodynamic state of the microemulsion. These data suggest that the most meaningful way by which to shift the viscoelastic data along the frequency axis is to attempt to achieve superposition at high frequency; this is 
FIG. 5.
Dynamic frequency sweep data on bicontinuous microemulsion at 10 ͑͒, 15 ͑᭹͒, 20 ͑᭡͒, 25 ͑᭢͒, and 30°C ͑ࡗ͒: ͑a͒ GЈ vs GЉ and ͑b͒ GЈ and GЉ vs the shifted frequency (a T ). The shifting in ͑b͒ was carried out by superposing the data at the high-frequency limit, with 15°C as the reference temperature.
shown in Fig. 5͑b͒ . The viscoelastic response of the bicontinuous microemulsion is quite similar to that observed for undiluted block copolymer melts ͓Rosedale and Bates ͑1990͒; Almdal et al. ͑1990͔͒ and block copolymer solutions ͓Jin and Lodge ͑1997͔͒ just above the order-disorder transition temperature. The reduced frequency plots show terminal linear viscoelastic behavior with GЈ ϳ 2 and GЉ ϳ in the limit → 0.
Oscillatory shear measurements on the pure homopolymers over the same frequency and temperature range show no measurable elastic response. Hence, the elasticity revealed in these experiments must be due to the microemulsion structure present in the ternary blend. The data presented in Figs. 4 and 5 can be fit to a generalized Maxwell model using two relaxation modes per decade ͑Table I͒. A viscous ''solvent'' mode ͑relaxation time ϭ 0͒ must be added to properly represent the data. The main contribution to this mode is from the purely viscous response of the constituent homopolymers. There may also be a small contribution from the high frequency viscoelastic response due to the microemulsion structure ͑GЈ continues to increase at the highest accessible frequency, indicating fast-relaxing viscoelastic modes in the sample͒. Assuming, however, that this term is dominated by the rheology of the homopolymer constituents, we would anticipate that it would be close to a weighted average of the homopolymer viscosities. This solvent viscosity is plotted along with the homopolymer viscosities and the zeroshear viscosity of the bicontinuous microemulsion as a function of temperature in Fig. 6 . The solvent viscosity that reflects the high frequency dynamics, does, indeed, lie between the homopolymer viscosities. Since PEE is relatively close to its glass transition (T g Х Ϫ30°C), it exhibits a much higher viscosity than PDMS (T g Х Ϫ125°C), and a stronger temperature dependence. Assuming that both components in the bicontinuous structure experience the same deformation, the simplest estimate for the ''composite'' viscosity would be mix ϭ 1 1 ϩ 2 2 .
͑1͒
Due to the dramatic contrast in viscosity between the two homopolymers, the purely viscous response of the microemulsion can be associated with a viscosity that is roughly half that of the PEE homopolymer. Similar reasoning suggests that the temperature dependence of mix should be dominated by the PEE component. Instead, we find that the high frequency microemulsion viscosity is closer to 20%-25% of the PEE, although Fig. 6 clearly shows that the temperature dependence of the high frequency viscosity closely parallels that of the PEE. The lower-than-expected viscosity may reflect incomplete segregation with PDMS acting as a plasticizer, thereby reducing the viscosity of the PEE- rich domain in the microemulsion. These arguments ignore the role of the PEE-PDMS diblock ͑10% of the total sample͒, although this should actually promote a higher viscosity because of its higher molecular weight and topological restriction to the interface. Since the microemulsion does not follow time-temperature superposition, there is no unique way to characterize the temperature dependence of the sample. The two most meaningful measures would seem to be tracking the temperature dependence of the average relaxation time ͑using results from Table I͒ and the temperature dependence of the zero-shear viscosity ͑data from Fig. 6͒ .
Given a discrete relaxation spectrum fit to the linear viscoelastic data, it is possible to compute an average relaxation time according to
FIG. 6. Zero-shear viscosity plotted as a function of the temperature for the PDMS homopolymer ͑ࡗ͒, the PEE homopolymer ͑͒, and the bicontinuous microemulsion ͑᭡͒, along with the ''solvent'' viscosity ͑*͒ used with the Maxwell model for fitting the data. where i are the relaxation times and i the corresponding viscosities. Table II summarizes the temperature dependence of several quantities of interest, represented by shift factors relative to a reference temperature of 15°C. Comparing the shift factors of the high frequency solvent viscosity to the PEE homopolymer viscosity confirms that they share a similar temperature dependence. Conversely, both the zero-shear viscosity of the microemulsion and its average relaxation time exhibit much stronger temperature dependences than either of the homopolymers. The ordinary temperature dependent dynamics of the constituent polymers are compounded by changes in the thermodynamic state of the system. As the temperature decreases, the degree of segregation between PEE and PDMS in the microemulsion increases, resulting in an increasingly well-defined ͑and elastic͒ interfacial structure, and greater barriers for diffusion except through the tortuous bicontinuous morphology. The strong temperature dependence of the average viscoelastic . The direction of flow is horizontal. The small boxes in ͑a͒ indicate the pixels used for calculating the anisotropy and phase-separation indices. The former is defined as 2B/(AϩB) and the latter as C(␥ )/C(␥ ϭ 0). frequencies. In a real system, this would be accompanied by a viscous contribution from the pure components, which would enhance GЈ relative to GЉ by a constant amount, and lead to an upturn in phase angle at high frequencies. Qualitatively, these predictions agree well with the behavior seen in Figs. 4 and 5; in particular, the high frequency GЈ data come close to exhibiting power law scaling with an exponent 1/2.
Steady shear rheological data also were collected at different temperatures and shear rates. Figure 7͑a͒ shows the viscosity of the bicontinuous microemulsion as a function of shear rate ␥ at various temperatures. The corresponding stresses are shown in Fig. 7͑b͒ . These data are presented without any attempt at time-temperature shifting. A cursory comparison between Figs. 4 and 7 shows that the Cox-Merz rule ͓Cox and Merz ͑1958͔͒ fails for the microemulsion. As will be shown below, this reflects radical steady shearinduced changes in the fluid structure at high rates. Four regimes can be identified as a function of the shear rate. Figure 8 depicts these four regimes at 15°C. The viscosities of the homopolymers are also plotted for comparison.
The bicontinuous microemulsion shows Newtonian behavior at low shear rates, which is designated as regime I. Note that the zero-shear viscosity strongly decreases with the temperature ͓see Fig. 7͑a͔͒ due to the temperature dependence of the morphology of the bicontinuous microemulsion, as discussed earlier. Newtonian behavior persists up to the onset of shear thinning, which signals the beginning of regime II. Experiments conducted at other temperatures revealed that the critical shear rate for shear thinning increases with an increase in temperature ͑e.g., 0.03 s Ϫ1 at 10°C; 0.1 s Ϫ1 at 15°C͒, and also that the shear rate window for regime II narrows with an increase in temperature. Regime III is characterized by a shear rate independent shear stress ͑i.e., the viscosity power law index Х Ϫ1͒, and a marked enhancement in shear thinning. This dramatic change suggests a significant transformation in the morphology. Remarkably, the data collected at different temperatures almost overlap within regime III, indicating a stress level that is nearly independent of both the shear rate and the temperature. Increasing the shear rate further leads to an abrupt upturn in stress. We refer to this as regime IV. The rate dependence of in this regime is much less than in regime III.
Significant normal stresses are also observed, particularly in regime IV. These are found to track the behavior of the shear stress in regime IV and in most of regime III. Even though the homopolymers do not show much elasticity, the presence of interfaces deformed by the shear flow leads to noticeable normal forces. However at lower shear rates the normal force falls below resolution of the instrument.
B. Small angle neutron scattering
SANS experiments were conducted with an in situ Couette flow shear cell operated at different temperatures and shear rates. Figure 9 shows representative scattering patterns obtained at 15°C. In the quiescent state ͓Fig. 9͑a͔͒, a circular ring of scattering intensity is evident, characteristic of the bicontinuous microemulsion. The associated structure factor obeys the form ͓Teubner and Strey ͑1987͔͒
where q ϭ (4/)sin(/2) is the scattering wave vector, is the scattering angle, and I(q) is the azimuthally averaged one-dimensional scattered intensity. Two characteristic length scales can be obtained from the fitting parameters: a domain periodicity d and a correlation length scale that reflects the short-range order among the domains; at 25°C, d ϭ 74 nm and ϭ 32 nm. In addition, an amphiphilicity factor f a can be defined using
FIG. 10.
Neutron scattering data analysis: ͑a͒ anisotropy index vs the shear rate, ͑b͒ phase-separation index vs the shear rate, and ͑c͒ indices vs the shifted shear rate at 15 ͑͒, 20 ͑᭹͒, 25 ͑᭝͒, 30 ͑᭢͒, 35 ͑ࡗ͒, 40 ͑ϩ͒, and 45°C ͑ϫ͒. The shifting in ͑c͒ was carried out by superimposing the data at the high shear rate limit and using 15°C as the reference temperature.
the fitting parameters ͓ f a ϭ c 1 /(4a 2 c 2 ) 1/2 ͔ to classify the structure of the fluid. This number, which quantifies the degree of segregation between the domains ͓Schubert et al. ͑1994͔͒ is negative and increases in magnitude as the microemulsion becomes more segregated at lower temperatures ͓see, for example, Morkved et al. ͑1999, 2001͒ for a fuller treatment of these thermodynamic properties͔. At low shear rates, within regime I defined from rheology ͑Fig. 8͒, the SANS patterns are unperturbed by steady shear ͑i.e., they remain isotropic͒. Higher shear rates ͑regime II͒ produce anisotropy in the SANS patterns ͓Fig. 9͑b͔͒, with a loss of intensity along the flow direction. However, the q values associated with the intensity maxima in regime II are almost the same as in regime I, indicating that the concentration fluctuations with wave vectors parallel to the flow direction are suppressed by the shear flow, but that the structure is unperturbed along the vorticity direction. In regime III, intense low-q scattering develops around the beamstop, which increases with the shear rate ͓Figs. 9͑c͒ and 9͑d͔͒. Simultaneously the microemulsion scattering diminishes, first along the direction of flow, and then in all directions. Development of low-q scattering suggests the emergence of a morphology with a much larger length scale. This is indicative of flow-induced phase separation from a single bicontinuous microemulsion phase to a micron-scale multiphase state. This transition appears to be continuous, suggesting that the volume fraction of the microemulsion phase progressively decreases across regime III.
At very high shear rates, in regime IV, the microemulsion scattering completely disappears and only the strong low q scattering remains ͓Fig. 9͑f͔͒. This low-q intensity grows to almost 10 times the intensity recorded for the unperturbed mixture. There is saturation in the scattering intensity at low q at these high rates. In fact, at 15°C the low q intensity passes through a maximum at 100 s
Ϫ1
, then decreases somewhat at still higher rates. An overall behavior pattern similar to that in Fig. 9 is also seen at other temperatures.
In order to quantify the SANS anisotropy in regime II, we define an ''anisotropy index.'' Figure 9͑a͒ shows two small boxes labeled ''A'' and ''B'' within which average intensities ͗I͘ are computed. We define the anisotropy index as 2͗I͘ B /(͗I͘ A ϩ͗I͘ B ). The value of the index is unity for an isotropic pattern. Figure 10͑a͒ depicts the anisotropy index as a function of the shear rate at various temperatures. There is a strong decrease in the index as the sample enters regime II.
A ''phase-separation index'' can be defined in a similar way. Figure 9͑a͒ also shows a small box labeled ''C,'' which represents the detector pixels used in defining this index as ͗I͘ C (␥ )/͗I͘ C (␥ ϭ 0). The index has a value of unity before the onset of phase separation. Figure 10͑b͒ shows the phase-separation index plotted as a function of the shear rate. A marked increase in this index occurs in regimes III and IV. Figure 10 is quite informative. First, a comparison of Figs. 10͑a͒ and 10͑b͒ shows that the temperature dependence of the development of anisotropy is stronger than the temperature dependence of the development of excess low-q scattering intensity. This may be quantified by exploiting the fact that the shapes of the curves in Figs. 10͑a͒ and 10͑b͒ are similar at all temperatures. Figure 10͑c͒ presents a ''master plot'' obtained by shifting the data from Figs. 10͑a͒ and 10͑b͒. The shifting was carried out by superimposing the data at high shear rates using 15°C as a reference temperature. Note that separate sets of shift factors were used to shift the anisotropy and phase separation data. The quality of the superposition is quite satisfying. Both sets of shift factors are listed in Table II . Several of the features referred to earlier are apparent. The transition from regime I to II is evident in the anisotropy index. The onset of phase separation, which we associate with the beginning of regime III, is signaled by the upturn in the phase-separation index. The saturation in low-q scattering at high shear rates is also evident. There is a slight mismatch between the critical shear rates for these transitions predicted by SANS and by rheology, the critical shear rates from the former being systematically less than those from the latter. This implies that neutron scattering is more sensitive to changes in structure than rheology. But the development of two different phenomena can clearly be seen from each of these two separate experiments.
C. Flow light scattering
Small angle light scattering provides access to much smaller q values, hence larger length scales than SANS. Light scattering experiments were carried out at various temperatures and shear rates using the procedures described in Sec. II. Figure 11 shows representative data at 15°C. In the quiescent state, no significant light scattering was recorded, a consequence of the characteristic dimensions of the bicontinuous microemulsion. There was only a small amount of stray background scattering due to reflection from the optical elements. This lack of scattering persisted as the shear rate was increased through regimes I and II, consistent with the SANS analysis. Upon entering regime III(␥ Х 1.5 s Ϫ1 ), a streaked light scattering pattern emerged around the beamstop perpendicular to the direction of flow, which increased in intensity with an increase in the shear rate across regime III. The appearance of the bright streak coincides with the onset of the stress plateau in rheology ͑Fig. 8͒, and this critical shear rate increases with the temperature. Similar streak-like patterns have been reported in sheared polymer solutions ͓Kume et al. ͑1997͔͒ and in blends ͓Hong et al. ͑1998͒; Kielhorn et al. ͑2000͒; Fernandez et al. ͑1995͒; Kim et al. ͑1997͔͒ and attributed to the presence of a string-like morphology aligned along the direction of flow. Accurate quantitative analysis of the scattering intensity cannot be obtained with the present experimental setup. However the q range of the scattered intensity at these shear rates suggests a length scale on the order of microns, consistent with the hypothesis that flow-induced phase separation occurs in regime III, with phase-separated domains oriented along the direction of flow. Further increases in the shear rate lead to loss in the overall intensity of the scattering images. This is due, at least in part, to increased turbidity of the sample. At shear rates well into regime IV(␥ Ͼ 20 s Ϫ1 ), a dark streak is superimposed along the center line of the bright pattern. We return to this feature in Sec. IV. The dark streak separating the two lobes of scattered intensity becomes wider with an increase in shear rate, resulting in a butterfly-like pattern. As the shear rate increases, the wings of the butterfly move apart and ultimately disappear at the highest rates. In addition, the overall intensity of the patterns decreases with an increase in temperature. We attribute this last effect to a reduction in contrast, due to more mixing of the components.
Light scattering data were also collected during relaxation after shear. In regime III, cessation of steady shear led to a gradual retraction of the streak-like pattern into the beamstop that occurred over a period of 15-30 min, depending on the shear rate. In contrast, recovery from very high shear rates ͑ ϳ 200 s Ϫ1 ͒ in regime IV led to the immediate ͑1-2 s͒ development of isotropic scattering around the beamstop. The isotropic pattern gradually diminished in intensity and finally disappeared in about 20-30 min.
D. Optical microscopy
The bicontinuous microemulsion sample appears homogeneous and almost transparent to the naked eye, but has a faint blue tint due to scattering of light from the nanostructure. Rapid stirring makes the sample turbid, and the turbidity increases with the stirring rate. This, again, is indicative of flow-induced phase separation. More systematic measure- 
FIG. 14.
Schematic representation of the morphology in the four regimes: I Newtonian regime, II development of anisotropy, III three-phase coexistence after the onset of phase separation, and IV binary blend-like behavior. The block copolymer is dispersed as micelles in the homopolymer-rich domains in regime IV. ments were conducted by operating the shear stage under an optical microscope. Figure  12 illustrates the steady state morphologies obtained at 15°C at various shear rates.
In the quiescent state, the sample is homogeneous ͑except for a few dust particles͒. Steady shear flow does not produce any significant change for shear rates corresponding to regimes I and II. However in regime III ͑shear rates 3, 10, and 20 s Ϫ1 ͒, the turbidity of the sample increases, accompanied by the development of a string-like morphology aligned along the direction of flow. There is a drastic transformation from the nanometersize microemulsion to this micron-size string-like phase. The turbidity further increases with the shear rate, as evidenced by a progressive darkening of the images. There also is an increase in the length scale along the direction of flow across this regime, as seen from the images in Fig. 12 . Further increases in the shear rate in regime IV result in strong turbidity, and the images become very dark. Fine string-like structures still could be seen even at shear rates close to 100 s Ϫ1 when the illumination was increased. The sample thickness was reduced in order to obtain better images, since the velocities would be lower for a given shear rate there by overcoming limitations of the video recording system. However below a certain gap width spurious wall effects became evident. Recovery of the microemulsion also was recorded after the cessation of shear flow. As noticed for the light scattering, the modes of recovery were very different at intermediate and high shear rates. Figure 13 illustrates the recovery after steady shearing at 7.5 and 150 s Ϫ1 . In the former case ͑regime III͒, the anisotropy in the morphology persists for a long time, and there is also formation of droplet-like structures due to retraction and breakup of the string-like domains. These structures gradually dissolve over a period of about 20-30 min. On the other hand, after cessation of shearing at 150 s Ϫ1 ͑regime IV͒, there was an immediate increase in the overall brightness of the image, followed by the formation of a nearly isotropic grain-like structure, slightly elongated along the direction of flow. These structures resemble the spinodal-type phase-separated domains that are seen in binary polymer blends after cessation of shear at high rates ͓Kielhorn et al. ͑2000͔͒. These structures appear within seconds, whereas the droplets in regime III take a few minutes to develop. The grain-like structures coarsen, and simultaneously the interfaces become hazier. The sample reaches the original homogeneous state in about 45 min. Turbidity measurements were performed using the light scattering setup by measuring the transmitted intensity ͑i.e., without the beamstop͒ using a photodiode. The photodiode gives a voltage signal that is proportional to the intensity. A nearly constant intensity was recorded in regimes I and II, and a sharp drop was observed in regime III, clearly due to phase separation. The intensity transmitted progressively decreased with an increase in shear rate across regime III, ultimately reaching a steady value. This increase in turbidity confirms our speculation regarding the loss of brightness found in the microscopy images in Fig. 12 . The absolute magnitude of the scattered intensity in regime III, of course, strongly decreases with an increase in sample thickness.
IV. DISCUSSION
This polymeric bicontinuous microemulsion clearly exhibits rich rheological phenomena; four regimes are observed as a function of the shear rate. We associate different morphologies with these regimes, as depicted in Fig. 14 ; various experimental techniques have been used, each one providing a different perspective on the flow-induced transformations of the structure. Here in Sec. IV we provide justification for the proposed structure in each of these regimes; analogies are also drawn with both block copolymer mesophases and immiscible polymer blends.
A. Regime I
Steady shear rheology was used to establish a Newtonian behavior in regime I. The characteristic time scales of the experiment were much longer than the relaxation time of the microemulsion, resulting in a liquid-like response. This was confirmed by the in situ SANS experiment, where the isotropic diffraction ring resulting from the bicontinuous microemulsion was unaffected by Couette flow. From this we deduced that the morphology was unperturbed ͑Fig. 14͒ in this regime.
The linear dynamic mechanical data from the bicontinuous microemulsion are remarkably similar to the rheological response of symmetric lamellar forming block copolymers just above the order-disorder transition (T ODT ), for example, reported by Rosedale and Bates ͑1990͒ for poly͑ethylene propylene͒ ͑PEP͒-poly͑ethyl ethylene͒ block copolymers. With block copolymers, terminal viscoelastic behavior ͑GЈ ϳ 2 and GЉ ϳ ͒ was obtained at temperatures well into the disordered phase, whereas below T ODT , the scaling followed GЈ ϳ GЉ ϳ 0.5 . Near T ODT , a lack of superimposability at low frequencies characterized the viscoelastic response, and this has been attributed to fluctuation effects. Because the amplitude of these composition fluctuations is temperature dependent, and because it also influences the level of sustainable stress ͑i.e., GЈ͒, fluctuating block copolymer melts become thermorheologically complex. Our data on the bicontinuous microemulsions ͑Fig. 5͒ closely resemble the fluctuation dominated disordered state block copolymer response.
This kind of a response can be understood by treating the bicontinuous microemulsion channel as an extension of a ''band'' of fluctuations around the T ODT of the lamellar phase. Consider the phase diagram in Fig. 1͑b͒ . At the pure block copolymer limit, the system self-assembles into a lamellar phase. The addition of homopolymers swells this phase. The lamellar spacing progressively increases with the added homopolymers, ultimately resulting in phase separation. However phase separation is pre-empted by the fluctuation-induced formation of a bicontinuous microemulsion. This happens when the swelling reaches a point where the interfaces are sufficiently separated that they lose orientational correlation ͓Matsen ͑1999͔͒. Around the order-disorder transition boundary, there exists a band of strong fluctuations ͑this band leads to suppression of lamellar phase formation as the temperature is decreased through the ODT͒. We envision the bicontinuous microemulsion channel as an extension of this band of fluctuations; the resemblance of our rheological data with those on lamellar block copolymers supports this notion.
Failure of time-temperature superposition in the microemulsion means that there is some subtlety to the temperature dependence of the structural dynamics and rheology of this sample. Three relaxation phenomena with distinctly different temperature dependences are discernible. The first two, which concern the average relaxation time computed from the linear viscoelastic spectrum and the zero-shear viscosity, are related to the macroscopic response of the microemulsion. The third one, the high frequency viscous response, is related to the relaxation at the molecular level. Connections can be made between the rheology and SANS data to better understand these phenomena.
The average relaxation time of the microemulsion structure ͓see Eq. ͑2͔͒ exhibits the strongest temperature dependence. Examination of Table II shows that the temperature dependence of the development of anisotropy in the neutron scattering tracks that of the average relaxation time ͑shift factors for lead to an apparent activation energy of 170 kJ/mol, while shift factors for the anisotropy index lead to an apparent activation energy of 150 kJ/mol͒. In order to obtain coupling between the structure and flow, and thus scattering anisotropy, the shear rate must exceed the inverse of the microemulsion relaxation time. These two processes could be characterized by a type of Weisenberg number ͑bearing in mind that we are dealing with the microemulsion relaxation time; the molecular relaxation times of the polymer constituents are much smaller͒.
The zero-shear viscosity is also strongly temperature dependent, although somewhat less so than the average relaxation time. It appears that the temperature dependence of the phase-separation index as documented by neutron scattering ͑activation energy of 115 kJ/mol͒ is equivalent to that of the microemulsion zero-shear viscosity ͑activation energy of 120 kJ/mol͒. This similarity suggests that the phase-separation process is activated by a critical stress level rather than by achieving a critical Weisenberg number ͑in ordinary polymers these two criteria would be identical; they are different here due to the complexity of this sample͒. In fact, this idea is more forcefully supported by the connection between the observed phase separation and the stress plateau seen in steady shear, which will be discussed further. Finally, the viscous response at high frequency exhibits a temperature dependence that is intermediate between those of the constituent homopolymers, but closer to PEE, due to the fact that its high viscosity dominates the purely viscous response of the microemulsion ͑Fig. 6͒.
B. Regime II
Upon entering regime II, anisotropy develops in the morphology ͑Fig. 14͒. The domains that are initially oriented perpendicular to the direction of flow tend to be rotated away due to the shear flow. As a result, there is suppression of concentration fluctuations along the direction of flow and the SANS patterns become anisotropic. Complementary SANS experiments ͑not shown͒ with the beam directed tangential to the Couette cell ͑see Fig. 2͒ confirm these results. The anisotropy leads to a decrease in the degree of percolation of the bicontinuous structures along the direction of the velocity gradient. This gives rise to shear thinning, particularly because there is great contrast between the viscosity of the two homopolymers. It is worth noting that there is only a superficial similarity between the elongated structures in the microemulsion and worm-like surfactant micelles ͑''living polymers''͒. Although both exhibit shear thinning due to orientation, the microemulsion shows no signature of entanglement or the single relaxation time, i.e., Maxwellian response ͓Cates ͑1987͔͒ of ''living'' polymers.
C. Regime III
As described in Sec. I, the bicontinuous microemulsion is located in a narrow composition range between lamellar and phase-separated states. One might expect, therefore, that shear flow could lead the sample to become either lamellar or phase separated in a fashion analogous to that of flow-induced shifts in the phase boundaries observed for binary polymer blends. Studies on related soft materials ͑sponge phases and block copolymers, for example͒ have indicated a transition from an isotropic to a lamellar state, as discussed in Sec. I. In contrast, shear flow of the bicontinuous microemulsion leads to phase separation after reaching a critical shear stress. We hypothesize that the microemulsion ejects two homopolymer-rich phases when the stress exceeds this critical value. Some block copolymer is also expelled and is distributed between the homopolymer-rich phases, with the remainder still lying at the interfaces between domains. We thus expect three-phase coexistence in regime III as illustrated in Fig. 14 , the bicontinuous microemulsion and two homopolymer-rich phases. With an increase in shear rate across regime III, the extent of phase separation progressively increases, while maintaining a constant stress. SANS and SALS results show the concurrent development of strong low-q scattering, which indicates a dramatic increase in the structural length scale. They also indi-cate remnants of scattering intensity in the q range of the bicontinuous microemulsion, thus supporting the argument for three-phase coexistence.
Flow-induced phase separation also can be rationalized in terms of movement across phase boundaries. This is equivalent to moving downward in the isothermal phase diagram ͓Fig. 1͑a͔͒ from the bicontinuous microemulsion region, first into the three-phase triangle, and then into the two-phase region when the shear rates reach regime IV. In terms of the phase diagram along the isopleth ͓Fig. 1͑b͔͒, this corresponds to horizontal movement from the microemulsion channel into the phase-separated regime.
The progressive increase in the degree of phase separation across regime III is documented by optical microscopy. These experiments reveal string-like structures as a result of phase separation, with the number of strings or the amount of homopolymer-rich phases increasing with the shear rate. This is accompanied by a strong growth in turbidity. SALS experiments also support this argument, with the formation of a streak-like pattern at the onset of phase separation and a progressive increase in intensity with the shear rate across regime III.
The shear-induced anisotropy persists for a long time after flow is brought to an abrupt halt. This includes the formation of droplet-like structures by the retraction and breakup of the strings and a general nonrandom distribution of the domains. Based on these observations, we may conclude that the string-like phase in regime III arises from true phase separation and is not due to flow instabilities such as those reported by Fernandez et al. ͑1995͒ .
The stress level corresponding to the plateau, in addition to being independent of the shear rate, is also nearly independent of the temperature; the reason for this is not clear at present. The onset of the stress plateau also roughly corresponds to the shear rate when the viscosity of the bicontinuous microemulsion becomes equal to that of the homopolymer PEE. Stress plateaus have been reported in several other complex fluids. In the case of worm-like micelles, Spenley et al. ͑1993͒ explained the plateau on the basis of a nonmonotonic dependence of stress on the shear rate in a single fluid phase, resulting in shear banding instability; Olmsted and Lu ͑1997, 1999͒ and Berret et al. ͑1994, 1998͒ interpreted the stress plateau in similar systems in terms of a transition between an isotropic and a nematic phase, with the plateau representing the two-phase region. In our system, the plateau corresponds to breakdown of the microemulsion and represents the transition between the bicontinuous and completely phase-separated states. Unlike other systems, there is no layer or band formation along the direction of the shear gradient; instead there is the development of string-like morphology. The stress plateau is robust and no hysteresis effects are observed. Long time transients are observed in the rheological behavior upon the inception of flow in the stress plateau. They show a remarkable resemblance to worm-like micelles and will be presented in a future publication. In the case of worm-like micelles, the nematic phase has a much lower viscosity than the isotropic phase. Similar rheological properties are observed for the bicontinuous microemulsion when the system undergoes phase separation and ejects low viscosity material.
D. Regime IV
Well into regime IV, the SANS patterns show complete loss of intensity at the microemulsion q range. We therefore propose that there is complete decomposition of the bicontinuous microemulsion into two homopolymer-rich phases in this regime. The block copolymer assumes a relatively minor role, and either resides in the interfaces or becomes solubilized ͑perhaps as micelles͒ in the homopolymer-rich phases ͑Fig. 14͒. Hence the sample behaves just like a typical binary polymer blend; the stress increases with the shear rate, albeit accompanied by some shear thinning ͓Veenstra et al. ͑1999͒; Miles and Zurek ͑1988͔͒. In SALS experiments a dark streak is seen in the middle of the bright pattern when the shear rates are well inside regime IV. At very high rates, the scattering pattern resembles a butterfly. There also is an overall decrease in the intensity of the patterns at these high rates, probably due to high turbidity and multiple scattering.
Butterfly-like SALS patterns similar to those in our experiments have been reported for polymer blends only in the case of transient evolution of bright streak patterns ͓Hong et al. ͑1998, 2000͒; Chen et al. ͑1995͔͒ . In our system, this pattern occurs at steady state ͓the well-known steady state butterfly patterns in semidilute polymer solutions reported by Moses et An alternative explanation invokes a change in length scale as a function of the shear rate ͓Chen et al. ͑1995͔͒. One can imagine the butterfly pattern as being a ''squashed'' spinodal ring, with the distance between the intensity maxima in the two directions being inversely proportional to the respective length scales. In the case of a bright streak pattern, the length scale along the direction of flow is so large that the wings of the butterfly almost touch each other and the dark streak in the middle is not visible. When there is breakage of strings at high rates, and hence a reduction in the length scale along the direction of flow, the dark streak can easily be seen. It is unclear at present whether these explanations based on transient patterns are applicable to the steady state.
Microscopic observations are difficult in regime IV due to the high velocity of the strings and the strong turbidity. Increasing the illumination helped us to discern fine ( Ͻ 1 m) strings even at rates close to 100 s Ϫ1 at 15°C. Stopping the shear leads to the immediate formation of fine grain-like structures ͓Fig. 13͑b͔͒. These structures coarsen initially; then the interfaces become hazy, ultimately leading to a homogeneous bicontinuous microemulsion phase. One can call this kind of phenomenon ''reverse spinodal decomposition.'' The mechanism for the appearance of the spinodal-like morphology is not fully understood. Our experiments produce results that resemble the behavior of immiscible polymer blends reported by Kielhorn et al. ͑2000͒ . A plausible explanation for this strange relaxation behavior is that the strings, which are finer at higher rates, break up into many tiny droplets due to Rayleigh instability, and rapidly coalesce with adjacent droplets. The connection to neighboring droplets results in a spinodal-like morphology. Another possible explanation is that the radius of the droplets that appear upon cessation of the shear after near homogenization by shearing, is smaller than the critical radius for domain growth and as a result they dissolve immediately. A spinodal decomposition-like phenomenon follows this, yielding a fine-grain structure ͓Kielhorn et al. ͑2000͔͒. This kind of relaxation behavior which is analogous to that of immiscible blends, supports our argument of complete phase separation in regime IV. Upon the cessation of shear, the short-time response is that of a binary blend, and the system attempts to form macroscopically phase-separated domains via spinodal decomposition. However the system soon recognizes the presence of the block copolymer, which starts diffusing towards the interfaces to form the bicontinuous microemulsion. Two competing phenomena are thus observed: at short times the phase separation through spinodal decomposition is dominant, whereas over longer periods homogenization into bicontinuous microemulsion triumphs. In terms of free energy, the local minimum is the macroscopically phase-separated state whereas the global minimum is the bicontinuous microemulsion phase.
The transition between regimes III and IV is intriguing. SANS shows remnants of the bicontinuous microemulsion even after there is an upturn in stress. It is not clear whether the transition between the two regimes is the point at which there is complete phase separation, or the rate at which the bicontinuous microemulsion no longer remains continuous phase ͑and hence no longer controls stress in the sample͒.
E. Comparison with surfactants
Studies of sponge phases ͓Yamamoto and Tanaka ͑1996͒; Mahjoub et al. ͑1998͔͒ have indicated a shear-induced transition to lamellar phase. It is unclear why the sponge phase becomes lamellar whereas the bicontinuous microemulsion prefers to phase separate. Oil/water/surfactant bicontinuous microemulsions show shear thinning only at very high shear rates ͓Anklam et al. ͑1995͒; Thevenin et al. ͑1999͔͒ . This is interpreted in terms of the shrinking of conduits along the direction of the shear gradient and their subsequent pinching off. The shear rates for the onset of shear thinning were of the order of 10 3 -10 4 s Ϫ1 in the o/w/s case whereas in our system it was of the order of 0.1 s
Ϫ1
. This implies that the characteristic relaxation times in the two systems differ by several orders of magnitude. Studies of oil/water/surfactant bicontinuous microemulsions have been hindered by the necessity to use very high shear rates. This problem is overcome by the use of polymers. In addition, the polymeric system presents an opportunity by which to systematically change the ''strength'' or degree of segregation of the domains of the microemulsion by varying the temperature. In the o/w/s systems, the temperaturecomposition phase plane, often called a ''fish plot'' ͓Gompper and Schick ͑1994͔͒ has a narrow range of temperatures over which the bicontinuous microemulsion exists. This precludes any attempt to study the effects of temperature on the rheological properties. Hence ternary polymer blends present many advantages over conventional o/w/s systems.
V. CONCLUSION
The model polymeric bicontinuous microemulsion under study exhibits four regimes as a function of the shear rate. Regime I resembles conventional Newtonian fluids. In regime II, there is an onset of anisotropy and shear thinning. Unlike the surfactant sponge phase, there is no transition to lamellar phase, instead the system undergoes phase separation upon entering regime III. The stress is independent of the shear rate, and this stress plateau resembles the behavior of worm-like micelles. There is complete phase separation in regime IV and the rheological properties become similar to those of binary polymer blends. We have thus established that polymeric bicontinuous microemulsions possess rich rheological behavior within accessible shear rates, and hence can serve as excellent model systems for studying the rheology and dynamics of this class of complex fluids.
